From a Xenopus tailbud cDNA library, we obtained the cDNA for a novel cadherin which was named as XmN-cadherin (Xenopus maternally expressed neural cadhetin). The cDNA consisted of 3690 bp and encoded 922 amino acid residues. XmN-cadherin preserved five extracellular cadherin motifs, a single transmembrane domain, and a cytoplasmic domain, and was closely related by its sequence to R-and N-cadherin. In the adult frog, XmN-cadherin mRNA was detected strongly in ovary, testis, brain, eye, and kidney, and weakly in stomach, and intestine. In the egg, the mRNA occurred as a maternal mRNA at a relatively high level, and its level became very low by the neurula stage, then increased steadily thereafter. Dissection experiments with g-cell stage and neurula stage embryos revealed that the maternally inherited mRNA was relatively uniformly distributed within the embryo. By a sharp contrast, whole mount in situ hybridization revealed that the zygotically expressed mRNA occurred almost exclusively in neural tissues such as brain, the anterior part of spinal cord, and the optic and otic vesicles. Thus, XmN-cadherin appears to have at least triple functions; it probably contributes in early embryos to cell-type non-specific cell adhesion, but in post-neurula embryos may be responsible for the development and/or maintenance of anterior neural tissues, and may be used in adult frog for the development and/or maintenance of neural, endodermal and reproductive organs.
Introduction
Cadherins constitute a multigene family of Ca2+-dependent cell-cell adhesion molecules and play important roles for pattern formation in a variety of tissues (Townes and Holtfreter, 1955; Nose et al., 1988; Takeichi, 1988; Detrick et al., 1990; Kintner, 1992; Miyatani et al., 1992) . During tissue differentiation, different types of cadherins are expressed at different levels de-pending on cell types (Edelman et al., 1987; Mege et al., 1988; Matsuzaki et al., 1990) . In Xenopus, maternally and zygotically expressed cadherins are expected to play central roles during embryogenesis. In earlier studies, it has been shown that at least some of the adhesion molecules are common in embryonic cells and adult cells (Nomura et al., 1986) . Also, cadherin-like protein (CLP), a maternal molecule antigenitally related to E-cadherin, has been shown to occur in both cultured epithelial cells and gastrulating embryos (Choi et al., 1990) .
Recently, a considerable number of different Xenopus cadhetins which occur in early embryos have been cloned. Thus, cDNA of Xenopus N-cadherin has been cloned and its importance in morphogenesis in later embryos has been demonstrated (Detrick et al., 1990; Ginsberg et al., 1991) . Broders et al. (1993) cloned the cDNA of Xenopus E-cadherin and we cloned XTCAD-1 (Tooi et al., 1994) , and the latter was found to be identical to the former (98.3% homology in nucleotide sequence). XBcadherin (Herzberg et al., 1991) and U-cadherin (Angres et al., 1991) were independently reported to occur in Xenopus early embryos, and were found to be identical (now called XBAJ-cadherin) (Mi_iller et al., 1994) . The cDNA for EP-cadherin was cloned and this was found to be identical to CLP (Mtiller et al., 1994) , and is now termed C-cadherin (Levine et al., 1994) .
We have previously shown that deprivation of Ca2+ resulted in complete dissociation of Xenopus embryos into their constituent cells . Furthermore, based on the results with metabolic inhibitors, we proposed that adhesion of early embryonic cells is supported by the continued translation of maternal mRNA (Miyahara et al., 1982; Shiokawa et al., 1983; Shiokawa et al., 1985) . In this context, the recent finding by Heasman et al. (1994) that the blockade of the mRNA of C-cadherin by exogenously injected antisense oligodeoxyribonucleotide reduces cell adhesion in Xenopus blastulae is quite interesting, since C-cadherin could be one of the candidates predicted in our earlier experiment. linked glycosylation sites (N-X-T/S), and a cytoplasmic domain (Fig. 1 ). In the EC-l subdomain, XmN-cadherin preserved amino acid residues HAV (residue 69, 70, and 71) previously assigned for the center of both homophilic (Blaschuk et al., 1990; Nose et al., 1990) and heterophilic (e.g. between R-and N-cadherins; Inuzuka et al., 1991a) interactions (Blaschuk et al., 1990) , suggesting that this cadherin may function also in combination with other cadherins (e.g. R-and N-cadherins). In EC-l, EC-2 and EC-3 subdomains XmN-cadherin contained putative Ca2+-binding sites (Ringwald et al., 1987) (Fig. 1) .
To obtain more information about molecular species responsible for cell adhesion in Xenupus early embryos, we extended our experiment to clone cDNAs for yet undiscovered Xenopus cadherin. We describe here the cDNA structure and expression pattern of a novel Xenopus cadherin, XmN-cadherin, which is maternally and neural-specifically expressed.
Results
The homologies of XmN-cadherin to previously reported Xenopus and mouse cadherins were much lower in the subdomains EC-3, EC-4, and EC-5 (30-55%) than in subdomains EC-l and EC-2 (45-85%).
Therefore, we compared in Fig. 2 the amino acid sequence of XmNcadherin in the EC-l subdomain and the cytoplasmic domain with those of Xenopus C- (Ginsberg et al., 1991) , XB/U- (Herzberg et al., 1991) , N- (Detrick, et al., 1990) and E/XTCAD-1-cadherins (Broders et al., 1993; Tooi et al., 1994) , human clone 4 cadherin (Suzuki, et al., 1991) , and mouse R- (Matsunami et al., 1993) , N- (Miyatani et al., 1989) , P- (Nose et al., 1987) and M- (Donalies et al., 1991) cadherins. The homologies in the extracellular and cytoplasmic domains of these cadherins were calculated in various combinations as in Table 1 . It is shown here that the homologies among cadherins of the same subclasses in different species are relatively high (SO-SO%), whereas the homologies among subclasses of a species are relatively low (40-60%). Since the homologies between XmN-cadherin and mouse R-, N-and Xenopus Ncadherins are fairly high (70-90%), we suggest that XmN is one of the neural-type cadherin in Xenopus.
Cloning and structural analysis of XmN cadherin 2.2. Distribution of XmN-cadherin mRNA among adult cDNA tissues
Since cadherins show a high homology in their cytoplasmic and transmembrane domains, we screened the Xenopus tailbud cDNA library using the most conserved cytoplasmic domain of the cadherin as a probe (Tooi et al., 1994) . We obtained 13 positive clones, divided them into 4 groups (I-IV) based on sequence data, and selected the longest group III clone. This clone (XmN; ca. 3.6 kb) was 3690 bp long, and consisted of 99 bp of 5' noncoding region with an in-frame stop codon, 2766 bp of amino acid-coding region (922 amino acids), and 825 bp of 3' non-coding region containing a polyadenylation signal (Fig. 1) . Analysis of its deduced amino acid sequence revealed that the XmN polypeptide had all the structural features characteristic of the cadherin. Thus, the polypeptide contained two hydrophobic regions (one as 17 amino acids as a signal peptide at the N-terminus and the other as 34 residues between amino acid 544 and 577 as a transmembrane domain), five repeated extracellular structural motifs (EC-l to EC-5) with eight possible NNorthern blot analysis of total RNAs from various adult tissues was carried out under the condition of high stringency. The probe used was a XmN fragment covering from the EC-l subdomain to the middle of the cytoplasmic domain. We obtained here relatively weak mRNA signals of 10 kb and 4.5 kb in kidney, ovary, testis, brain, and eye (Fig. 3A, top) . From the size of the mRNA (3.6 kb) expected from the cDNA, we assumed tentatively that 4.5 kb, but not 10 kb, signal represents the real mRNA, although the possibility remained that the 10 kb component was either an alternatively spliced mRNA or the precursor to the 4.5 kb component. The amount of 4.5 kb component was relatively smaller in testis, brain and eye than in kidney and ovary. However, the relative abundance of the mRNA in brain may not be so low on a per-rRNA basis, since the amount of the brain RNA applied to the gel was quite small as can be seen by the result of rehybridization for 18s and 28s rRNA (Fig.  3A, bottom) . The distribution of XmN mRNA among different tiswas hybridized with 32P-labeled total cDNA of XmN as a sues was also tested by RT-PCR by using the primer pair probe, we detected an amplified signal of ca. 450 bp (Fig. which was designed to detect only the extracellular do-3B, top). Since we used here the same amount of RNA main, whose sequence is relatively specific for each cadfor each sample as can be seen by the constant amount herin. When the DNA amplified from each RNA sample of 18s and 28s rRNA detected by the gel electro- 
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-4.5 Kb -28s phoresis of the aliquot of the sample (Fig. 3B, lower) , the signals obtained were mutually comparable. In this experiment we found the XmN RNA expression again in kidney, ovary, testis, brain and eye. Interestingly, a weak signal was also obtained in stomach and intestine, indicating the low level of expression of XmN mRNA also in these tissues.
Since the results of Northern blot and RT-PCR are roughly compatible, it may be concluded that XmN mRNA is expressed relatively strongly in kidney, ovary, testis, brain and eye, but weakly in stomach and intestine.
Temporal changes in the XmN mRNA level in developing embryos
We carried out similar Northern blot analysis using RNAs extracted from embryos at various stages. As expected (for rRNA, cf. Brown and Littena, 1964; , for histone H4 mRNA, cf. Atsuchi et al., 1986; Shiokawa et al, 1987 ) the amounts of the loaded RNAs, monitored by rehybridization to 18s and 28s rRNA (omitted here) and ubiquitous histone H4 mRNA (Fig. 4, bottom) , fluctuated little throughout the stages, as an indication that the strengths of the mRNA signals obtained were mutually comparable. In this experiment, we obtained only one signal (ca. 4.5 kb) throughout the stages (Fig. 4, top) , a finding supporting the above view that the 4.5 kb, but not 10 kb, component is a real XmN mRNA. The relative amount of the 4.5 kb signal was measured by densitometry at each stage, and the results are summarized in Fig. 4B . It is apparent here that XmN mRNA occurred at a relatively high level as a maternal mRNA, and its level changed following two different descending and ascending curves. Thus, the mRNA level gradually decreased during the cleavage stage, remained more or less constant during the blastula to gastrula stages, further decreased during the late gastrula stage to the bottom level at the neurula stage, then increased and attained at the tailbud stage a level which was slightly lower than that in the unfertilized egg.
Here again, we carried out RT-PCR using the primer pair used above to confirm the developmental changes. In this experiment, we measured as an internal control the level of activin receptor type IIA (XAR7) mRNA, which occurs relatively uniformly both temporally (Kondo et al., 1991) and spatially (Koga et al., 1995) throughout stages. The XmN mRNA signal (ca. 450 bp) occurred at more or less constant levels in fertilized eggs and early embryos, and its level once decreased greatly at the gastrula stage then increased at and after the neurula stage, in spite of the little change in the level of XAR7 mRNA throughout the stages (Fig. 5) . This RT-PCR result is somewhat dif- ferent from the Northern blot result in that the gradual decrease of XmN RNA during cleavage was not observed. However, since the results of the RT-PCR depend on the extent of amplification of DNA during the PCR, we assume that the RT-PCR results are only semiquantitatively valid. Taking this point into consideration, we consider that the results of the RT-PCR are essentially the same as those of Northern blot analysis (Fig. 4) .
Distribution of maternal XmN mRNA in dissected embryonic parts
We dissected g-cell stage embryos to animal, vegetal, dorsal, and ventral halves (Fig. 6A, left) , and analyzed the RNAs extracted therefrom by RT-PCR as above. As shown in Fig. 6A (right) , the PCR signal (ca. 450 bp) was detected in all the dissected parts to the same extent. When the same RT products were assayed for XAR7 mRNA, the similarly equal distribution of the signal was detected, consistent with our previous results (Koga et al., 1995) .
We then dissected neurulae (stage 18) into somite, notochord, dorsal endoderm, belly piece, and dorsal ectoderm which consisted of both ectoderm and neural ectoderm (Fig. 6B left) , and analyzed their RNAs similarly. Here again, PCR signals of both XmN and XAR7 mRNAs were detected in all the dissected parts (Fig. 6B,  right) . In this experiment, the amount of RNA used for RT was not constant because of the different amounts of embryonic tissues used, and the strength of the signal was somewhat different depending on the sample. However, the differences were roughly comparable to those observed for XAR7 mRNA distribution.
We concluded, therefore, that maternally inherited XmN mRNA is distributed relatively uniformly within the embryo from cleavage to early neurula stages, suggesting the contribution of maternal XmN mRNA to cell adhesion in almost all parts of the embryo, probably in a cell-type non-specific way.
Whole mount in situ hybridization pattern of XmN mRNA expression in later stage embryos
To examine the spatial expression pattern of XmN mRNA newly accumulated in later stage embryos, we carried out whole-mount in situ hybridization using albino embryos. At the gastrula and late neurula stages, we could not draw any clear conclusion about its localization here (Fig. 7A,B) . Shortly after hatching (stage 27), however, a faint XmN mRNA signal was detected in the anterior neural structures especially at the forebrain, midbrain and hindbrain (Fig. 7D,E) , and at stage 31 (Fig.  7F,G) , the mRNA expression increased in strength, and at the same time, became clear at the anterior part of the spinal cord. At stage 35 (Fig. 7H,I ), the expression of the mRNA further expanded to the dorsal side of the optic and the otic vesicles and to the more posterior part of the spinal cord, and finally at stage 40, the whole region of these organs expressed the signal (Fig. 7J.K) .
Analysis of the transverse sections of the head part at the level of the eyes of the stage 38 embryo revealed that XmN mRNA in the optic vesicle occurred almost exclusively in neural retina (Fig. 7L) , whereas its expression in the neural tube was restricted to the median portion with no expression in the floor plate and roof plate (Fig. 7M) . In brain, the expression was observed mainly at the median portion but not at the dorsal most or ventral most parts, exhibiting a different expression pattern from those of mouse R-and N-cadherins (Inuzuka et al., 1991b) . These results appear to reflect the actual distribution of XmN mRNA, since we obtained no such signals when the sense probe was used (Fig. 7C) . The present results that post-neurula stage expression of XmN mRNA is restricted to the neural regions probably reflects the importance of this cadherin for the formation and/or maintenance of the neural tissues, especially in the anterior part.
Discussion
In the present study, we isolated and characterized the cDNA (XmN) for a novel Xenopus cadherin whose temporal and spatial expression pattern is different from those of N- (Ginsberg et al., 1991) , XB-/U- (Angres et al., 1991; Herzberg et al., 1991) , E/XTCAD-l- (Broders et al., 1993; Tooi et al., 1994) cadherins. From the analysis of amino acid sequence, we tentatively concluded that this clone codes for a new member of neural-type cadherin. Expression studies with early embryos showed that the XmN mRNA is expressed maternally at a relatively high level and uniformly within the embryo. The maternal XmN mRNA was exhausted almost completely by the early neurula stage, and at and after the late neurula stage, the mRNA showed a sharp and steady rise due to zygotic expression. Whole mount in situ hybridization showed that this new expression is restricted to neural tissues, including brain, anterioral spinal cord, eyes and ears. In the adult, the mRNA was expressed strongly in brain, gonads (both ovary and testis) and kidney and also weakly in other tissues (stomach and intestine). In this connection, it is worth pointing out that in mouse, N-CAM, which is a major group of neural adhesion molecules, is expressed abundantly also in kidney (Klein et al., 1988) . Thus, XmN mRNA expression occurs maternally, then in neural tissues in later stage embryos, then in gonad, and in neural and digestive tissues in adults.
The level of the XmN mRNA which occurred relatively uniformly in early embryos decreased gradually through the cleavage to neurula stages probably because of its continued consumption to provide early blastomeres and their descendant cells with the translated product. In this respect, our previous observation that in Xenopus early embryonic cells, the continued mRNA translation is necessary for the maintenance of adhesion of cleaving blastomeres is interesting (Shiokawa et al., 1983) , since XmN mRNA, in addition to C-cadherin (Levine et al., 1994) , could also be one of the candidates for such maternally important cadherin mRNAs. 
Cloning and sequencing of cadherin cDNA
We amplified the highly conserved cytoplasmic region of cadherins by PCR reaction (Saiki et al., 1988) . Using two oligonucleotide primers, S-AGGAGAGGAGGA-TCAGGA-3' and 5'-GCAGATATGTATGGTGGA-3', to which were added BamHI and XbaI linkers, respectively, PCR reaction was carried out on the template DNA from Xenopus AZAP tailbud cDNA library (Kondo et al., 1991; Tooi et al., 1994) . The first cycle of the reaction was run by denaturation at 94°C for 3 min, annealing at 50°C for 1 min, and polymerization at 72°C for 1 min. In the subsequent 29 cycles, reactions were carried out at 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, and in the last cycle, at 94°C for 1 min, 50°C for 2 min, and 72°C for 3 min, respectively. The DNA (ca. 400 bp) obtained was purified and subcloned into pBluescript SKII vector (Kondo et al., 1991) .
RNAs from adult tissues and embryos or dissected embryonic parts were extracted using the AGPC method (Chomczynski and Sacchi, 1987) or phenol method (Ruizi Altaba and Melton, 1989) , respectively. For Northern blot hybridization, total RNAs (ca. 1Opg) were denatured and electrophoresed in agarose-formaldehyde gels (Tooi et al., 1994) . RNAs were stained with ethidium bromide, photographed, blotted onto Hybond-N membrane (Amersham), then hybridized under the conditions of high stringency ( hybridization at 68°C and the final washing at 68°C in 0.2~ SSC-O.2% SDS). Throughout this experiment, a fragment of XmN, covering from EC-l subdomain to the middle of the cytoplasmic domain was labeled with 32P using a DNA labeling kit (Nippon Gene) and used as a probe.
RNA analysis by RT-PCR
The tailbud cDNA library used above (Kondo et al., 1991; Tooi et al., 1994) was screened under the conditions of high stringency (Maniatis et al., 1989) using the 32P-labeled PCR fragment as a probe. Positive clones were isolated, excised into plasmids, and sequenced by the dideoxy chain termination method @anger et al., 1977) using the Sequenase Kit (USB).
Adult tissues
Adult males of Xenopus laevis purchased from Seibu Animals Co. Ltd. were chilled in ice and tissues were obtained using forceps and scissors. Tissues were rinsed once with ice-cold Amphibian Ringer (0.1 X Steinberg solution; 5.8 mM NaCl, 0.067 mM KCl, 0.034 mM Ca(N03)*, 0.085 mM MgSO+ 0.5 mM Tris-HCl (pH 8.0) and kept frozen at -80°C until analyzed (Tooi et al., 1994) .
Embryos and dissection of embryos
Xenopus females were induced to lay eggs by injections of a human chorionic gonadotropic hormone (Gonatropin, Teikoku Zoki Co.) . Both eggs and embryos were dejellied in 2.5% cysteine-HCl (pH 7.0) and embryos were cultured in 0.1~ Steinberg solution until the desired stages (Nieuwkoop and Faber, 1967) .
For analysis by RT-PCR, RNAs extracted as above from embryos or adult tissues were incubated with reverse transcriptase to generate first-strand cDNA using oligodT as a primer. One fortieth each of the cDNAs obtained were used for PCR reactions. The primers used were as follows: for XmN-cadherin mRNA, 5'-CCA-GTCTACGGCAGCAGTGA-3' (position 1482-1501 of III-1 cDNA)(sense primer) and S'-ATCGATGGCGGT-TATGT'ITA-3' (position 1910-1929 of XTCAD-2) (antisense primer); for activin receptor type IIA (ActRIIA) mRNA, 5'-GAAAAAAACATGGGAGCA-3' (position 193-210 of XAR7 cDNA; Kondo et al., 1991) (sense primer) and 5'-GTGATGTCGGTACAT-CC-3' (position 629-645 of XAR7) (antisense primer). The conditions for PCR reaction were as follows: denaturation at 94°C for 4 min; primer annealing at 50°C for 1 min; extension at 72°C for 3 min; and back to the denaturation step at 94°C for 1 min for 24-29 cycles, and final reaction was carried out at 72°C for 5 min. One-tenth of the product was electrophoresed on a 2% agarose gel, transferred to Hybond N+ (Amersham), and the filter obtained was hybridized with XmN or XAR7 cDNA fragment under the high stringency condition as in Northern hybridization.
Whole-mount in situ hybridization
Embryos were dissected using the hair loops, forceps and a razor blade in Stearns' complete medium at the 8-cell and neurula stages. To facilitate dissection of the dorsal region of neurula embryos, we used Stearns' medium which contained collagenase at 1 mg/ml (Wilson et al., 1986; Koga et al., 1995) . Embryos or dissected parts of embryos were collected and kept frozen at -80°C until analyzed.
The XmN clone was linearized at either the XhoI site (for antisense probe) or the XbaI site (for sense probe) and was transcribed with either T3 or T7 polymerase in the presence of digoxigenin-UTP. Albino Xenopus laevis embryos were processed for whole-mount in situ hybridization essentially following the method described by Harland (1991) and then treated with clearing solution (benzylbenzoate/benzyl alcohol 2:l). Some of these embryos were embedded in palaplast, sectioned at 10 mm and photographed after being counterstained with eosin.
Identification of the embryonic organs and tissues were carried out according to Hausen and Riebesell(l991) .
